The paper presents the design phases of a test rig to test the feasibility of passive full electrodynamic radial suspension of high speed rotors. A reference case from an automotive application is used to establish the design specifications in order to keep the characteristics close to those of an industrial application. The design is carried out in a model based approach where all the properties are analysed taking into account the coupling between the subsystems by means of finite element models and state space models. Some experimental results are used to validate the design approach, confirming the validity of the models and assumptions.
INTRODUCTION
Magnetic bearings are systems capable of supporting rotors in absence of mechanical contact. Among many advantages with respect to ball and roller bearings are the possibilities operating at extremely high rotational speeds and free of maintenance. The classical types of magnetic bearings are the active magnetic bearing, using controlled electromagnets, and the passive magnetic bearings that use permanent magnet or reluctance forces. The first can provide levitation by controlling all 5 axes of the suspension, but are costly and suffer from reliability problems; the latter are reliable and relatively cheap, however, stable levitation cannot be achieved in all axes. This stability problem can be solved using superconducting materials, but the large amount of energy needed to keep the low temperatures required for superconductors' operation represent a barrier for the use of this technology.
In the last decades there has been a growing interest in a type of passive magnetic suspension capable of providing positive stiffness using eddy current forces. Systems implementing this concept for rotor levitation are commonly referred to as electrodynamic bearings (EDB). The EDB's unique characteristic of producing positive stiffness without violating the Earnshaw criterion, enabling levitation by passive means and, furthermore, using standard materials at room temperature, makes them an interesting alternative to other kinds of magnetic bearings. The working principle of EDBs relies on exploiting repulsive forces generated by eddy currents to achieve levitation. The use of transformer eddy currents, generated by time varying magnetic fields has represented the beginning of the research on EDBs [1] [2] . The large amount of energy dissipated in the rotor due to Joule heating limited the interest in this solution, but the promising characteristics led to the development of EDBs exploiting motional eddy currents [3] [4] [5] . In this case the relative motion between a conductor and a constant magnetic field induces eddy currents inside the conductor, thereby generating forces that can be used to achieve levitation. Different configurations relying on the same basic principle are possible and unnecessary eddy current losses can be virtually eliminated.
Although the working principle of EDBs may seem simple and straightforward, leading to very promising characteristics, the design of a radial suspension relying exclusively on electrodynamic bearings is a challenging task. Eddy current forces are generally stabilizing, however, in the case of a rotating system this is not always true. The electromagnetic interaction between rotor and stator gives place to an intrinsically unstable whirling mode that must be dealt with [7] [8] [9] . There is very little literature dealing with this problem and no clear guideline on how to prevent the unstable behaviour of the suspension in practical terms can be found.
The main purpose of the present paper is to present the phases of the design of a rotor prototype to test the feasibility of passive, full electrodynamic, radial suspension. A model based approach is used to allow dealing with the strong coupling between the designs of each subsystem, namely, rotor, EDB, and stabilization system.
TEST RIG DESIGN
The design of a rotor on passive magnetic suspensions is, in general, a difficult operation since the parameters of each subsystem strongly contribute to the overall performance and cannot be corrected once the system is built. For this reason an accurate prediction of each parameter and its influence must be performed during the design phase.
The proposed prototype is designed trying to keep its parameters as much as possible close to those of a real application, especially concerning the dimensions and mass of the rotor. A high rotational speed turbo pump for a hydrogen powered automotive application is chosen as a reference. The application's requirements are:
 Rotational speed 60000 rpm.  Rotor mass 2 kg.  Rotor axial length 250 mm.
For safety reasons, the prototype is designed to operate stably within the speed range of 15000 to 20000 rpm. Given that EDBs work better at higher rotational speeds, reducing the speed range represents a more critical design constraint since obtaining stable levitation is harder for low rotational speeds than for high rotational speeds [8] . Ideally, at infinite rotational speed the suspension operates stably as if supported by superconducting bearings [5] .
The models used in the design phase were presented and validated experimentally by Tonoli et al. [9] and will not be discussed in depth in the present paper; only a brief presentation of the essential parts is given.
2.1
Modelling of the suspension It is well known that the stabilization of the lateral dynamics of a rotor on EDBs requires the introduction of nonrotating damping. The stabilization technique considered for this application is known as 'stabilization by stator-casing interaction' [9] . Figure 1 shows a schematic model of the suspension considered. It features a Jeffcott rotor supported by EDBs and implements the stabilization technique mentioned.
The parameters in the figure are interpreted as follows: 1, 2 k equivalent stiffness of the electrodynamic bearing, 1, 2 c equivalent damping of the electrodynamic bearing, s m mass of the bearing's stator, s k stiffness and s c damping of the elastic connection between bearing's stator and casing. The use of two parallel branches to model the electromechanical dynamics in the EDB comes from the analysis of the finite element (FE) solution of the current density, where two distinct paths of eddy currents can be distinguished inside the conductor (see Figure 2c ). The overall system's equations can be written using complex coordinates in state-space form as:
where the dynamic matrix A is equal to: 
The states of the system correspond to the complex displacement j q x y   and velocity q  of the rotor's geometric centre, the displacement j The stability of the suspension can be studied by analysing the eigenvalues of Eq.
(2) for different values of rotating speed in a root loci plot. It is clear at this point that all the coefficients that fill the matrix must be defined at the design phase. This phase must aim at obtaining a final system whose poles have negative real parts within the working range of speed, thus being stable. 
2.2
Electrodynamic bearing's design The EDB's design cannot be decoupled from the design of the rest of the system; therefore the final set of properties can only be defined after an iterative process. In particular, the EDB is analysed mainly by means of FE simulations, whereas the rotor and stabilization system are studied using the model of Eq. (1).
2.2.1
Finite element modelling and model's parameters extraction Since the EDB is a dynamic system, the FE model must reproduce a dynamic operating condition, otherwise no relevant result can be obtained. The quasi stationary condition represents an operating condition that is easy to be reproduced with finite element simulations, and comparing the analytical model of the EDB with the FE results it is possible to extract the parameters describing the bearing's dynamics. From the modelling point of view it consists in fixing the position of the conductor's rotation axis with respect to the symmetry axis of the magnetic field at constant eccentricity and imposing a constant value of rotational speed. The equation describing the bearing's forces in this condition can be obtained as: From the simulation point of view, the quasi stationary condition requires the definition of the conductor's velocity field. No real motion of the mesh is required since the conductor has invariant cross section at right angles to the direction of motion [10] . The FE model allows calculating the components of the force parallel (real) and perpendicular (imaginary) to the eccentricity for different values of constant rotational speed  , and, using a curve fitting tool, it is possible to fit Eq. (3) to the FE values obtaining the model's parameters.
Special attention is needed in to build the mesh of the conductor domain where eddy currents are induced. It is more convenient to use hexahedral meshes than tetrahedral ones because the necessary anisotropy in the resolution is easier to achieve with a hexahedral mesh than with a tetrahedral one [11] . Another key aspect to be observed is the use of symmetry conditions that allow a great increment in the discretization within the same hardware limitations.
An example of FE model and the results obtained from an analysis set up as described above is shown in Figure 2 . Figure 4a shows the graph of the forces calculated with the finite element simulations for rotational speeds ranging from 0 to 14000 rpm at constant eccentricity of 1 mm. The model of Eq. (3) is fitted to the data using a nonlinear curve fitting algorithm.
2.2.2
Bearing's optimization The geometry of the EDB has a very important role on its electromechanical properties and must be chosen to respect mechanical constraints and specifications minimizing the rotational speed at which the system becomes stable. To this end the root loci of the system calculated using Eq. (2) Currently the first step of the design process must be done in a trial and error basis; an initial geometry that respects the mechanical constraints must be defined and the FE analysis is carried out. The configuration is refined after each iteration. The reference geometrical configuration given by Figure 3 illustrates the main parameters considered to perform this procedure. At each step a curve as shown in Figure 4a is obtained and the parameters are used to calculate a contour map giving the value of stabilization speed as function of stabilization system's parameters.
Figure 4. (a) Forces calculated with the FE model (markers  ) and equivalent Eq. (2) fitted to the data (dashed line --). (b) Elastic connection's optimization map.
Many steps must be carried out until the final set of properties is defined. Figure 4b shows the stabilization speed map obtained for the final configuration. The different colours evidence a range of properties allowing stability to be reached within the values given at the contour. The contours are plotted every 5000 rotations per minute. In the same figure the loss factor of characterizing the stabilization system is given by the lines cutting the graph from the lower left part to upper right part. It is approximated with the classical representation for a mass-spring-damper oscillating system as:
The white ellipse in the graph bounds a region containing values of stiffness and damping that are physically feasible with the current technological solutions. To devise the stabilizing elements with these mechanical properties a viscoelastic material commercially available under the name An-Vi was used [12] . The geometry of the viscoelastic element is defined assuming that it is mainly subject to a pure shear stress. This allows writing the element's stiffness as:
where G is the shear modulus of the material, A is the area, and l is the length of the element. Considering a cylindrical geometry it is simple to define the element's dimensions.
The final geometrical parameters are grouped in Table 1 and the model data are summarized in Table 2 . Considering this set of properties the test rig is expected to cross the stabilization speed threshold at about 11000 rpm. Rotor's design To guarantee the validity of the previous analyses it is necessary to ensure that the shaft behaves as a rigid body inside the working speed range. This means that any flexural mode of the rotor must have a natural frequency well above the maximum speed. Evaluating this requires a finite element rotordynamic analysis of the shaft. The analysis is performed considering the final configuration of the shaft and taking into account of both the bearings' discs masses and motor's disc masses. The Dynrot 8.3 code for rotordynamics was used to this end. It is assumed that the discs and washers connected to the shaft do not contribute to its mechanical stiffness, but strongly affect its mass properties. Hence, they are modelled as non-structural elements. This assumption is nevertheless conservative since it should reduce the natural frequencies. Figure 5 shows the finite element model evidencing the structural elements in bold lines and non-structural ones in dashed lines. The natural frequency of the first bending mode, at 0   rpm, is 1054.7 Hz. Since the operating speed range reaches a maximum of approximately 334 Hz, the rotor behaves basically as a rigid body.
2.4
Mechanical layout In the previous paragraphs, the properties of the main components of the electrodynamic suspension have been defined using a model based approach. The mechanical layout of each part is partially defined after this design phase, but the integration of all the subsystems in the test rig must be done taking into account of yet another critical aspect. An EDB based suspension is characterized by the impossibility of providing levitation forces at zero spin speed and a stiff mechanical connection between the shaft and the basing must be ensured until the stabilization threshold speed is overcome. In this paragraph the mechanical layout of the test rig devised to fulfil the application requirements is presented.
The prototype is composed of three main parts: test rig structure, EDB's stator's magnetic circuit, and the rotating shaft. In Figure 6a the main components of the test rig can be identified while Figure 6b gives a clearer overview of the whole system. The structure of the test rig is composed by four stainless steel columns (6) connected to three aluminium layers that ensure a stiff construction. The connection of this structure to a seismic mass is done by means of two steel profiles (7) . Two structural parts dedicated to the housing of radial position probes used for monitoring are attached to the end plates (5) . These elements serve also as support for the movable housing of the ball bearings (4) that support the rotor during the acceleration phase working as run up and landing bearings.
The stator of the EDB (2) contains four NdFeB N42 magnets oriented in attraction. The magnetic circuit closure is done using two plates of soft iron kept apart by an aluminium structure. This part is connected to the test rig's structure using a viscoelastic element (3) whose design was described previously. The rotating part (1) of the test rig contains a stainless steel shaft to which are attached the copper discs of the EDB (9) and the motor's discs (10) .
The electric motor is a brushless axial flux motor and was designed exclusively for this application. The motor uses air wound coils in the stator to reduce the interactions between motor's disc (10) and stator (8) , eliminating negative stiffness contributes due to reluctance forces. 
EXPERIMENTAL VALIDATION
The experimental tests are aimed to validate the dynamic model used for the design of the whole test rig and gain insight on the design of the stabilization system. The tests were performed exciting the EDB's stator with an impact force introduced using an instrumented hammer. The stator's response is measured using an accelerometer fixed in the axial position corresponding to the centre of the EDB. During this experimental characterization the rotor's lateral degrees of freedom were kept constrained. From the modelling point of view this represents eliminating the rows and columns related to the rotors complex degree of freedom in Eq. (1) and calculating the frequency response function (FRF) between a force input and the stator's acceleration s q  . The dynamic model used for the comparison is built considering the parameter values presented in Table 2 for all parameters except for s k and s c that must be identified since the shear modulus and the loss factor are not known to the level of accuracy necessary. Four test samples of the An-Vi material are water cut into a cylindrical shape having diameter 12 mm and length 4 mm and are used to devise the stabilization system. The parameters s k and s c are identified for the complete set of four samples.
The testing procedure is repeated for different values of rotational speed  in order to evaluate the evolution of the damping and stiffness properties of the system due to the EDB's speed dependent contribution. Figure 7 shows the results obtained for the impact tests for a frequency range of 10 to 512 Hz; for lower values of frequency the results are too noisy and do not allow performing an accurate analysis. In the figure, the lowest curve, without the clear presence of a resonance peak, represents the results obtained at 0   rpm and the other curve with the neat presence of highly damped resonance peak represents the results obtained at 7200   rpm. Analysing the graphs it becomes clear how the EDB contributes to reduce the damping of the system in this range of rotational speeds.
The dynamic model of Eq. (1) is used to produce the numerical FRF and the values of stiffness and damping characterizing are identified to fit the experimental results. A relatively good agreement between model and experimental FRFs can be found in this range of rotational speed. Due to the over simplification in stabilization system model this agreement expected to reduce at higher speeds. 
CONCLUSIONS
The present paper presented the design phases of a test rig to study the feasibility of electrodynamic bearings for the passive magnetic suspension of the radial degrees of freedom of a high speed rotor. The design considered as reference specifications the characteristics of a high speed turbo pump for hydrogen powered automotive applications.
The design is carried out using a model based approach. A state space model of the whole suspension is used in combination to the FE model of the EDB to define all the parameters desired and a mechanical layout capable of realizing them and coupling all the subsystems is then presented. Because a rotor on EDBs is intrinsically unstable, the design phase proves to be very complex since most of the subsystems are strongly coupled and contribute substantially to the rotordynamic stability. Nevertheless, using an iterative process it was possible to define the whole set of properties that should allow obtaining stable radial levitation above 11000 rpm.
The design process is validated experimentally by comparing the models' results (state-space) with experimental measurements under controlled conditions. The good agreement obtained in the comparison is considered as a proof of validity of the approach. Future developments require the refinement of the modelling of the stabilization system and the realization of tests with the unconstrained rotor to prove the feasibility of passive full electrodynamic radial suspension for high speed rotors.
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